Interactive effects of root restriction and atmospheric CO2 enrichment on plant growth, photosynthetic capacity, and carbohydrate partitioning were studied in cotton seedlings (Gossypium hirsutum L.) grown for 28 days in three atmospheric CO2 partial pressures (270, 350, and Elevated atmospheric CO2 affects plant growth primarily by increasing net photosynthetic rates through an increase in CO2 partial pressure at the site of fixation in the chloroplast (26). Responses of plants to long-term exposure of elevated C02, however, are not well understood. Net photosynthesis of some species after long-term exposure (weeks, months) to elevated CO2 is often lower than net photosynthesis after short-term exposure (days, hours) (6, 8, 22, 23, 25, 28, 29 When photosynthesis was measured at 1000 ,ubar CO2 in Desmodium paniculatum after growth in 1000 Mbar CO2 for 3 to 7 weeks, rates were 33% lower relative to plants grown in 350 Mbar (29) . After 3 weeks of growth in 680 Htbar C02, net photosynthetic rates of Eriophorum vaginatum measured at 680 ,ubar decreased 61% relative to plants grown at 340 pbar (25) . Reduced photosynthetic capacity in elevated CO2 has been found in cotton growing in pots under nitrogenlimited conditions and under conditions of nonlimiting nitrogen (6, 28). On the other hand, cotton plants grown under field conditions at elevated CO2 maintained higher photosynthetic capacity compared to plants growing at ambient CO2 levels (2 1).
When photosynthesis was measured at 1000 ,ubar CO2 in Desmodium paniculatum after growth in 1000 Mbar CO2 for 3 to 7 weeks, rates were 33% lower relative to plants grown in 350 Mbar (29) . After 3 weeks of growth in 680 Htbar C02, net photosynthetic rates of Eriophorum vaginatum measured at 680 ,ubar decreased 61% relative to plants grown at 340 pbar (25) . Reduced photosynthetic capacity in elevated CO2 has been found in cotton growing in pots under nitrogenlimited conditions and under conditions of nonlimiting nitrogen (6, 28) . On the other hand, cotton plants grown under field conditions at elevated CO2 maintained higher photosynthetic capacity compared to plants growing at ambient CO2 levels (2 1).
It has been established that stomatal conductance of C3
plants typically decreases at elevated CO2 concentrations ( 14) .
Studies aimed at separating stomatal and biochemical limitations of photosynthesis, however, have concluded that stomatal closure was not responsible for reductions in photosynthetic rates of plants grown under long-term CO2 enrichment (6, 8, 30) . Efforts to understand the physiological nature of the photosynthetic decline in plants exposed to long-term elevated CO2 have focused on chloroplast damage due to excessive carbohydrate accumulation (6, 29) , on feedback inhibition associated with low utilization of photosynthate (6, 8, 22, 23) , and on changes in Rubisco activity (20, 22, 30) . Starch often accumulates in chloroplasts in response to longterm elevated CO2 (3, 6, 29) . This increase in nonstructural carbohydrate indicates that the plant cannot use photosynthate at the rate at which it is being produced and, when correlated with decreased net photosynthesis, reflects possible feedback effects on the photosynthetic process (1, 11, 15) . In extreme cases, chloroplasts have been damaged due to abnormally large starch grains produced when plants were exposed to long-term elevated CO2 (3, 29) . However, photosynthetic capacity was restored and leaf starch levels declined within several days after plants were transferred from elevated CO2 to ambient concentrations, suggesting that long-term responses may depend on the source-sink balance of the plant (23) . Few experiments have attempted to correlate changes in source-sink balance with reduced net photosynthetic rates of plants grown in elevated CO2. Reduced photosynthetic response to CO, has been found in soybeans that had high source/sink ratios (4, 18) . However, manipulations of sink strength in these studies were achieved by removing seed pods (4) or leaves (18) 
MATERIALS AND METHODS

Growth Conditions
Cotton (Gossypium hirsutum L. cv Coker 315) was grown from seed in plastic 1.75 and 0.38 L pots ("large" and "small" pots, respectively) in a mixture of gravel and vermiculite (2:1 v/v). A subsample of plants from small pots was transplanted into 1.75 L pots after 20 d of C02 treatment ("transplant" pots). All pots were watered to saturation with one-half strength Hoagland solution (7) each morning and with demineralized H20 each afternoon.
Ten days after germination the plants were moved from a glasshouse into growth chambers in the Duke University Phytotron. Chamber C02 partial pressures were automatically monitored and controlled (10) (26) . The youngest fully expanded mainstem leaves from three plants were used for each measurement.
Net assimilation of C02 versus the calculated intercellular C02 partial pressure (A-Ci curve) (9) was measured on three plants from each treatment at day 4, 16, and 28. Plants transplanted into large pots were measured before transplanting (day 20), 4 d after transplanting (day 24), and 8 d after transplanting (day 28). CE was estimated as the initial slope of an A-Ci curve which was determined by least-squares linear regression (9) . A-Ci curves were used to calculate relative stomatal limitation of photosynthesis using the equation
where Amax = light-saturated net photosynthetic rates measured with Ca in which the plants were grown and Ao = lightsaturated net photosynthetic rates measured with Ca varied as necessary to produce a Ci equal to the C02 partial pressure in which the plants were grown (9).
Starch and Sucrose Measurements
Six leaf discs were taken with a circular cork borer (0.65 cm2) from the lamella of the youngest fully expanded leaf from three plants for starch and sucrose analyses once every week during the 4-week period. All samples were taken at 1700 h. Leaf tissue was stored in 3 mL of 80% (v/v) ethanol at -20°C until analyzed.
Leaf discs were ground in 80% ethanol with a Brinkman Polytron Homogenizer (Brinkman Instruments, Westbury, NY), boiled for 5 min in a water bath, and extracted three times with 80% ethanol. The ethanol-insoluble fraction was digested for 1 h with amyloglucosidase (catalog No. A-3042, Sigma Chemical Co., St. Louis, MO) and the glucose released was determined enzymatically (13) . The ethanol-soluble fraction was used for sucrose analyses after evaporating the ethanol and resolubilizing in water, following the assay of Kerr et al. (13) .
Statistical Analyses
Data were tested for normality and met the assumptions of parametric analysis. Two-way analysis of variance was used to test for main effects and interactions of C02 and pot size (Statistical Analysis Systems, Cary, NC) on plant growth, biomass allocation, leaf gas exchange, and leaf starch and sucrose. Least Squares Means Test (SAS, Cary, NC) was used for mean separation of the dependent variables. Differences were accepted as significant if probabilities were less than 0.05. 
RESULTS
Plant Growth
Root restriction of cotton plants resulted in reduced leaf and stem biomass, as well as reduced root biomass (Fig. 1) . On day 28, total plant biomass (P < 0.0001) and leaf area (P < 0.0001) in all CO2 treatments were over 250% greater in large pots than in small pots. While pot binding by roots was not quantitatively measured, it was observed that roots filled the area within the small pots and began wrapping around the interior of the pot within the first 8 d of CO2 treatment.
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Root binding also occurred in large pots but at a later date (between day 24 and day 28 CO2 increased root weight (40%) and leaf area (40%) when transplanted into larger pots for 8 d (Fig. 1 ).
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Increasing the CO2 partial pressure from 350 to 650 ,bar significantly increased biomass but not leaf area in large and small pots (Fig. 1 ). While biomass was much greater in large 5 pots on d 28, the percentage increase in dry weight due to elevated CO2 was greater in small pots (64%; P < 0.0245) 0 than in large pots (46%; P < 0.0001). Leaves, stems, and roots responded to CO2 concentration when grown in large pots, but biomass was not evenly allocated to all plant parts ( treatment.
Leaf Gas Exchange
The 270 ,ubar in large (P < 0.129) or small pots (P < 0.293). In 350 ,ibar CO2, A was not significantly affected by pot size, but there was a significant decline in rates in large (12%; P < 0.0025) and small (16%; P < 0.0001) pots between day 4 and day 28. Transplanting had no significant effect on A of plants grown in 270,tbar C02, whereas rates of plants grown at 350 ,ubar were increased by 41% (P < 0.0039) after 8 d of being transplanted. Plants maintained higher rates in 350,ubar CO2 than in 270 ubar throughout the experiment (P < 0.0001).
On day 28, plants grown and measured at 350,ubar had higher photosynthetic rates in large (18%) and small pots (29%) than plants grown and measured at 270,ibar.
A strong effect of pot size was observed on A of plants grown in 650 tbar CO2 (Fig. 4A) . Plants grown in small pots showed a rapid reduction in A (P < 0.0001). Rates declined 15% between day 4 and day 8 and were reduced by 46% by day 28. In contrast, plants grown in large pots in 650 ,ubar CO2 showed a much slower decline in A (P < 0.0001). There was only a 14% decrease in A between day 4 and day 24.
There was a sharp decline in A, however, after 24 d (34%), at which time plants grown in large pots had become obviously pot-bound. Rates increased 69% after plants grown in 650 ,ubar CO2 were transplanted into large pots for 8 d (P < 0.0007). On day 28, a strong CO2 x pot size interaction was observed for A (P < 0.0099). Net photosynthetic rates of Fig. 5B) .
A-Ci curves of plants grown in 650 jibar CO2 in large pots indicated no reduction in either CE or the ability to regenerate RuBP between day 4 and day 16 (Fig. 5A ). There was a large reduction in both parameters on day 28, however, when the plants were observed to be pot bound. In contrast, plants grown in 650 gbar in small pots showed a quick decline in both the initial slope and upper nonlinear portion of the ACi curves (Fig. SB) . In all three CO, treatments, there was a significant increase in the ability to regenerate RuBP when plants were transplanted into large pots (Fig. 5C ). (6, 8, 30) . Reductions in photosynthetic capacity of plants grown in elevated CO2 have also been attributed to decreased Rubisco activity (20, 22, 30) . In cotton, a decline in initial slope of A-Ci curves was associated with decreased rooting volume. When plants had adequate rooting volume, high initial slopes were maintained, suggesting that Rubisco activity was responsive to source-sink balance ofthe plant rather than CO2 partial pressure as a single factor. Further evidence ofthe importance of plant source-sink balance is that reduced Rubisco activity in response to long-term CO2 enrichment has been observed in older leaves of some plants but not in young or expanding leaves (20, 30 growth rates imposed by root restriction, the reduction in net photosynthesis of cotton conforms to sink-regulated feedback inhibition of photosynthesis, as discussed by Neales and Incoll (15) and Herold (11) . This hypothesis is based on the decrease in net photosynthetic rates as root growth was progressively restricted. The decline in photosynthetic capacity was reversed rapidly when sink strength was increased by transplanting plants into larger pots. Leaf starch accumulation in response to CO, enrichment also suggests sink-limited carbon metabolism. In this study, however, large concentrations of starch accumulated in leaves of plants grown in 650 gbar CO, regardless of pot size. Starch accumulation before sink demand declined from root restriction indicates that rates of sucrose synthesis or phloem loading also may have limited carbon translocation through the plant. In addition, cotton leaves can maintain high rates of photosynthesis despite accumulating high levels of starch (21) .
The mechanism of sink-limited feedback inhibition of photosynthesis is complex and not fully understood. It has been established that Pi availability is a key component in regulation of photosynthesis under certain conditions, such as high atmospheric CO2 or low temperatures (24) . If the rate of CO, assimilation (use of Pi) is greater than the use of triose phosphate (release of Pi) in starch and sucrose synthesis, Pi limitation to CO, assimilation may be expressed as a reduction in Rubisco activity and RuBP-regenerating capacity and CO, assimilation shows a reduced sensitivity to both CO, and O, concentration (24) . In this study, A-Ci curves of cotton with restricted rooting volume indicated that there were reductions in both RuBP-regenerating capacity and CE, despite the CO, partial pressure in which the plants were grown. The degree of these reductions, however, was magnified when plants were grown in 650 jubar CO,. In addition, the quick reversal in photosynthetic capacity that took place when plants were transplanted into large pots indicates that an "upward" regulation ofphotosynthesis occurred with the transient increase in growth capacity.
As atmospheric CO, increases, source-sink balance of plants may lead to differential responses between species with different growth forms and within species at different stages of their development. Reduced photosynthetic capacity of cotton grown under field conditions in elevated CO, was observed in the late developmental stage after fruit maturity (21) . While indeterminate species may compensate for increased CO, by producing strong sinks such as increased root systems, tillering, or seed production, determinate species may not be genetically capable of increasing the number or size of carbon sinks. CO, enrichment resulted in increased growth in the early part of a study with determinate peas, but at maturity no differences in total biomass production were observed (16) .
Similarly, environmental restrictions on growth may alter source/sink relationships, thereby reducing the capacity of a plant to respond to a CO,-enriched atmosphere. Source-sink imbalance imposed by low temperatures and nutrient limitations may explain the reduced CO2 response in Eriophorurm vaginatiurn, a tussock-forming sedge, after one growing season in a field study in upland tundra (25) . On the other hand, in nutrient-rich temperate estuaries, large growth responses to CO2 have been observed in Scirplus olnevi, a species that maintains large carbon sinks for extended periods of time (5) .
In conclusion, it appears that there is a relationship between 
